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General Introduction 
Oat (Avena sativa L.) ranks sixth in world cereal production behind wheat, rice, maize, 
barley and sorghum. Historically, oat has been a multipurpose crop planted for numerous 
reasons other than a cash grain crop. The value of straw, pasture, and forage make up 40% of 
total oat crop value (Schrickel, 1986). However, food use of oat products has begun to 
increase. Recent medical research has shown that certain fibrous plant materials in the diet 
lower serum cholesterol concentrations (Chen & Anderson, 1986). The fibers, however, must 
be water soluble. Oat bran fiber is water soluble, whereas wheat bran fiber is not. Thus, oat 
bran or whole oat could play a major role in improving health through diet. 
Crown rust is the most important fungal disease affecting oats in the United States. It 
can severely reduce kernel quality and groat yield (Endo and Boewe, 1958; Simons, 1985). It 
causes an average yield reduction of 3.7% in U.S., but several epidemics have reduced total 
U.S. yields in some years by 30% or more. This disease occurs to some extent in nearly all 
oat-growing regions of the world (Simons, 1987; Simons & Murphy, 1968). 
The disease is caused by the basidiomycete Puccinia coronata Corda var. avenae W.P. 
Fraser & Ledingham, a macrocyclic, heteroecious rust fungus. Tozzetti in 1767 was 
apparently the first to publish observations on crown rust. And Corda first described the telial 
stage in 1837 and named it Puccinia coronata, the present valid designation. Cummins (1956) 
and Cunningham (1964) regarded all species of the crown-rust fungus that had been 
differentiated on the basis of pathogenicity as synonyms of P coronata. On the other hand, 
they noted that the species thus delimited constituted an unwieldy complex consisting of 
forms showing considerable morphological diversity, and they thought that this indicated a 
need for subspecific taxa based on morphology. 
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In early spring, overwintering teliospores of the fungus germinate and develop into 
basidia bearing basidiospores. These basidiospores infect the leaves of Rhamnus spp. 
(buckthoms) and other selected members of the Rhamnaceae. On these hosts, P coronata 
produces spermagonia that produce spermatia, its sexual reproductive structures. 
Spermagonia fertilized by spermatia develop into aecia, producing aeciospores. The 
aeciospores infect the leaves of Avena spp. and a few non-related grasses. Infected plants 
develop bright orange uredinia bearing urediniospores, which infect other plants and initiate 
repeating cycles of infection. As the plants mature, teliospores develop in telia in and around 
the uredinia, completing the life cycle of the fungus (Simons, 1970). 
Numerous races of crown rust have been identified, based on their infection type on 
various differential oat lines (Simons and Michel, 1964; Michel and Simons, 1977). The 
original approach to breeding for resistance to crown rust was to identify and incorporate 
single genes that provided complete resistance to rust. Most of these types of genes used in 
the United States were derived from the introduced land races and varieties, such as 
'Victoria', 'Bond', 'Landhafer', and 'Ascencao' (Coffman, 1961). It was soon realized, 
however, that the effectiveness of these genes generally did not last longer than 5 years after 
they were release in pure-line cultivars (Browning, 1964). These single-gene races were 
rapidly "overcome" by new races of pathogen that evolved under the selection pressure 
exerted by large acreage of resistant hosts. Therefore, alternative types of resistance, capable 
of providing longer lasting cultivars, are necessary. 
For long-term resistance to plant disease, several methods have been developed 
including multiline selection, cultivar mixtures, gene pyramiding and partial resistance. 
Multiline selection, by increasing the number of genotypes within a host population, reduces 
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the density of susceptible plants and decreases the size of the homogeneous genotype unit 
area, thus providing more effective disease control (Mundt and Leonard, 1985). Cultivar 
mixtures refer to mixtures of cultivated varieties growing simultaneously on the same parcel 
of land with no attempt to breed for phenotypic uniformity (Mundt 2002). Both strategies 
depend on the availability of large numbers of effective resistance genes, which are not 
currently available for crown rust resistance in oat. Gene pyramiding enhances the durability 
of resistance by combining a diverse number of genes into one cultivar in order to decrease 
the likelihood of virulence. The combination of resistance gene Pc38 and Pc39 was released 
in several oat cultivars (McMullen and Patterson, 1992). However, the virulence to both Pc38 
and Pc39 was found soon after the release of cultivar with this gene combination (Chong and 
Kolmer, 1993). 
Partial resistance is a form of incomplete resistance with a reduced rate of epidemic 
development despite a susceptible or high infection type (Parlevliet, 1978). With reduced 
selection pressure on the rust population (Simon, 1972), this type of resistance should prevent 
major shifts in the composition of the pathogen population, increasing the durability of 
resistance (Geiger and Heun, 1989). Durability is important for the development of 
disease-resistant cultivars. The oat cultivar Portage has been noted to maintain its high level 
of partial resistance to crown rust from the 1960 to present (Stuthman 1995). Therefore, the 
selection and development of oat populations with high partial resistance to crown rust may 
provide a long-term solution to reducing the effects of crown rust epidemics in oat. 
The specific objectives of this research were to: 
1. evaluate the effectiveness of selection for concurrently improving partial crown rust 
resistance, grain yield and seed weight of oat via a selection index; 
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2. determine the correlated responses of area under disease progress curve (AUD PC) and 
other agronomic traits due to the index selection. 
Explanation of thesis format 
This thesis includes a manuscript to be submitted for publication. The manuscript is 
preceded by a review of the literature and followed by a general summary. References cited 
in the manuscript follow the results and discussion section of the manuscript, while 
references cited in the general introduction, literature review, and general summary follow 
the general summary. 
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Literature Review 
Methods for Breeding Resistance to Crown Rust Disease 
Crown rust, caused by the fungus Puccinia coronata var. avenae, has been recognized as 
a serious disease of oats for at least 200 years (Simons, 1970). New varieties of oats with 
different genes for complete resistance were commonly used in controlling the growth of oat 
crown rust. However, historically, many of these resistance genes have spread the risk that a 
new race of crown rust will evolve and infect a large number of commercial varieties. For 
example, when cultivar Woodstock was released in Ontario in 1982, it was considered with 
highly crown rust resistance. Only after 5 years later, more than half of the pathogen isolates 
from this region were virulent on it (Chong and Seaman, 1989). 
Because the complete resistance strategy usually stands for only a limited period of time, 
several methods have been applied to improve the durability of crown rust resistance in oat. 
They mainly include multiline selection, cultivar mixtures, gene pyramiding and partial 
resistance. 
Multiline selection is a method for reducing the risk of losses in crop productivity from 
attack by unknown pathogens or unknown biotypes of current pathogens (Jensen 1952). 
Multilines are mixtures of genotypically identical lines that differ only in a specific disease or 
pest resistance gene (Browning and Frey 1981). Each line is developed via backcrossing for 
several generations. Frey (1982) explained the mechanism of the control of fungus disease as 
that in inoculation experiments, resistant plants decrease the amount of initial spore 
reproduction and reduce the rate at which already established pathogens can increase. Frey 
(1982) also mentioned a threefold value for multilines in agriculture production of 
autogamous crops: stabilization of the pattern of virulence gene in the pathogen population, 
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disease tolerance in delaying intrafield buildup of the pathogen, and msunng genetic 
heterogeneity in the arena of agriculture production. 
Based on the same principle as multiline breeding, cultivar mixtures also use functional 
diversity which leading to higher stability (Petchey and Gaston 2002). Functional 
biodiversity (Schmidt 1978) is based on the principle of using cultivars with diversified 
functions to limit the development of disease. In distinction from multilines, cultivar 
mixtures refer to mixtures of cultivated varieties growing simultaneously on the same parcel 
of land with no attempt to breed for phenotypic uniformity (Mundt 2002). Therefore, there is 
no need to breed new cultivars. Following Garrett and Mundt (1999), there are several 
inherent characteristics of each specific plant disease that affect the effectiveness of cultivar 
mixture: size of genotype unit area (GUA), steepness of dispersal gradient, ultimate lesion 
size, pathogen generation time and degree of host specialization. There were several studies 
on these characteristics for crown rust in oat. For example, Mundt and Browning reported 
(1985) that the lowest amount of oat crown rust was associated with the smallest GUA. 
According to Wilkins (1978), long-term genetic control of crown rust is more likely to 
be achieved by increasing the diversity of resistant genes in cultivars than by using individual 
sources of resistance in the hope that they remain effective indefinitely. And it is possible that 
resistance genes may act in an additive manner (Simons 1985). Therefore, gene pyramiding 
is a method that combines a diverse number of resistance genes into one cultivar. This 
strategy relies on the probability that the combination of all necessary virulence alleles in the 
pathogen being small. The success of gene pyramiding is affected by several factors such as 
linkage or pleiotropism between rust resistance and other traits, allelism and the dominance 
relationship of resistance genes (Kimbeng 1999). For example, allelism of genes for 
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resistance is important when the resistances conferred by allelic genes cannot be combined in 
the same plant (Simons 1985). The development of molecular marker technology will 
accelerate the process of gene pyramiding. With the identification of molecular markers that 
are linked to the resistant genes, quantitative trait loci (QTL) linked to these genes can be 
mapped and monitored in the pyramiding program (QTL pyramiding). Transgenic technology 
would also allow one or a few major genes to be engineered into a cultivar. Finally it is worth 
mentioning that with the transgenic technology, heterologous gene transfer is accessible. The 
transferring of crown rust resistance genes and/or a trait associated with crown rust resistance 
from meadow fescue (F pratensis L.) to L. perenne has been reported (Adomako et al. 1997). 
Partial resistance, characterized by a reduced rate of epidemic development in spite of a 
susceptible infection type, has been assumed to be horizontal or race-non-specific and to be 
of a polygenic nature (Parlevliet, 1978). Although a small amount of disease can be expected 
to occur, partial resistance is considered to be more durable than monogenic or complete 
resistance because there is a less selection pressure on the rust population (Simon, 1972). 
There are two theoretical bases for non-race-specific resistance (Parlevliet, 1984). In Model 
A, the host and the pathogen genes have small effects and operate on a gene-for-gene basis, 
and in Model B, the host and the pathogen genes, whether small or large in effect, do not 
operate on a gene-for-gene basis. Genes with large effect operating in a non-specific way 
(model B) are not believed to exist in host-specialized pathogen systems (Parlevliet and 
Zadoks, 1977). According to Parlevliet (1984), there are various assessment methods for 
partial resistance. The proportion of leaves or stems affected by rust is measured either once 
at the peak of epidemic development or several times from the beginning to the end of the 
epidemic. The latter can be summarized with the area under the disease progress curve 
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(AUDPC). Partial resistance can also be characterized by its components including latent 
period, infection efficiency, infectious period, and spore production (Brake and Irwin, 1992; 
Parlevliet, 1979). 
Selection Indices 
The objective m a plant breeding program is often to improve several traits 
simultaneously. Due to genetic linkage and pleiotropy, selection for one trait may cause 
correlated changes in non-selected traits. Selection indices provide a method to improve two 
or more traits simultaneously and to prevent undesired shifts in unselected traits. The 
superiority of selection indices over tandem selection and independent culling were 
demonstrated by Hazel and Lush (1942); Elgin et al. (1970); and Pesek and Baker (1969). 
Use of selection indices in plant breeding was originally proposed by Smith (1936) for 
improving grain yield in wheat (Triticum aestivum L. ). A selection index value (I) is a linear 
combination ofphenotypic values weighted by an index coefficient. Symbolically, 
I= b1P1 + ... + bnPn 
where: 
I = index value for a given phenotype; 
bn = index coefficient for trait n; 
P n = phenotypic value for trait n. 
Theoretically, the index value measures the aggregate breeding value of a line. An aggregate 
breeding value is a combination of unobservable breeding values of the traits of the traits to 
be improved, weighted by known economic values (Falconer, 1981). Symbolically, 
H = a1A1 + ... anAn 
where: 
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H = aggregate breeding value; 
an = relative economic value for trait n; 
An = breeding value for trait n. 
The aggregate breeding value (H) cannot be measured but the index value (I) can. The 
problem is to find the best value for each index coefficient, b1 .•• bn, so as to maximize the 
correlation between the index value (I) and the aggregate breeding value (H). Hazel (1943) 
and Smith (1936) described methods for obtaining index coefficients for weighting traits so 
as to maximize the correlation between H and I. The genotypic and phenotypic variances and 
covariances of each trait are used to calculate these coefficients. A major obstacle to the use 
of a selection index is the effort required to obtain precise estimates of the required variances 
and covariances (Baker, 1986). 
The Smith-Hazel index maximizes the correlation between H and I by using the 
following matrix equation (Smith, 1936). 
b =P-1Ga where: 
b =vector ofb values corresponding to the traits included in the index; 
p-1 =inverse phenotypic variance-covariance matrix; 
G = genotypic variance-covariance matrix; 
a = vector of relative economic weights. 
Godshalk et al. (1988) used a Smith-Hazel selection index to significantly improve 
forage yield and quality of switchgrass (Panicum virgatum L.). Kauffmann and Dudley (1979) 
applied seven-selection method-index combination to improve grain yield, protein percent, or 
kernel weight in two com populations. The Smith-Hazel index gave slightly greater gains in 
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yield and protein percent than did single trait selection. 
In cotton ( Gossypium hirsutum L. ), a gain of 36% of lint yield was achieved via a 
Smith-Hazel selection index when yield components were used in the index (Manning, 1956). 
Rosielle et al. (1977) found that a Smith-Hazel index with restrictions on heading date and 
height was slightly more effective than direct selection for grain and straw yield in oats. 
Successful use of selection indices has also been reported with barley (Hordeum vulgare L.) 
(Murphy and Rao, 1980); wheat (Rosielle and Brown, 1980); and soybeans (Pritchard et al., 
1973). 
Estimation of Heritability and Phenotypic and Genetic Correlation 
An important step in a plant selection program is quantifying the amount of the 
different types of variation in a population because not all components of the total variability 
contribute in the same way to selection response (Dickerson, 1963). The environmental 
variance is composed of all the non-genetic differences among individuals in a population 
(Falconer and Mackay, 1996). The effects of environments on genotypes may not be 
maintained from one environment to another (Hallauer and Miranda, 1988). The 
genotype-by-environment variance component does not contribute to selection response 
observed in different environments (Dickerson, 1963). 
Response to selection results when selection is practiced on individuals or families with 
different genotypic values. The variation among genotypic values makes up the genotypic 
variance (Falconer and Mackay, 1996; Fehr, 1987). The proportion of the total variance that 
is due to total genotypic variance is called heritability in broad sense and is denoted 
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2 
by H 2 = CJ; (Falconer and Mackay, 1996). The breeding value is the proportion of the 
CJ p 
genotype that is transmitted from parents to offspring. The variance of breeding value is what 
is known as additive variance and contributes fully to selection response (Falconer and 
Mackay, 1996; Dickerson, 1963). The ratio of additive variance to phenotypic variance is 
2 
called heritability in narrow sense and is denoted as h 2 = CJ~ (Falconer and Mackay, 1996). 
CJ p 
The terms included in the phenotypic variance depend on the number of environments 
used in the experiment to estimate heritability. When single plants are measured in only one 
environment, the phenotypic variance is expressed as CJ~ =CJ~ +CJ: +CJ:, where CJ: is the 
plot to variance andCJ~ is the within-plot variance (Fehr, 1987). The broad sense heritability 
estimated on the bases of single plants, plot means and entry means are: 
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H2 = CJc 
CJ2 + CJ2 + CJ2 G e w 
and 
2 
H2 = CJc 
CJ~ +(CJ: /r)+(CJ:/rn) , 
respectively, where r is the number of replications and n is the number of plants per plot. If 
plants are evaluated m different environments, the phenotypic vanance 
b z 2 z 2 z Th b . . t t. . . ecomes CJ P = CJ c + CJ GE + CJ e + CJ w . e genotype- y-environment m erac ion vanance is 
represented by CJ~E • The broad sense heritabilities estimated on single plant basis, plot means 
basis and entry means basis are: 
and 
2 
H 2 = CJ c , respectively, where l is the number of 
CJ~+ (CJ~E I l) +(CJ: I lr) +(CJ: I lrn) 
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environments in which genotypes were evaluated. 
Narrow sense heritability is obtained by including only the additive component of 
component of the genetic variance in the numerator of the heritability formula (Hallauer and 
Miranda, 1988; Dickerson, 1963). Exact confidence intervals for heritability estimates can be 
constructed for some experimental designs with balanced data under the assumption of 
normality of data (Knapp, 1986; Knapp et al. 1085). 
When two traits are associated, selecting for one trait may cause changes in the other 
trait; this is referred as a correlated response (Hallauer and Miranda, 1988). The association 
between traits is measured in terms of correlation. The phenotypic correlation is partitioned 
into genetic and environment correlations (Falconer and Mackay, 1996). The additive 
correlation is the most important component of the genetic correlation because only it 
contributes to correlated response from selection (Hallauer and Miranda, 1988; Falconer and 
Mackay, 1996). The covanance between the traits W and Z is represented 
as CY wz =CY Awz +CY Ewz , where CY Awz is the additive covanance and CY Ewz is the 
environmental (non-additive) covariance. The phenotypic and additive correlation are given 
by (Falconer and Mackay, 1996): 
CYpwz CYAwz 
rpwz = ( 2 2 112 and rAwz = 2 2 112 · 
CY PW CY PZ) (CY AW CY AZ) 
The correlation estimators are obtained by substituting the variances and covariances 
with their respective estimators. The amount of the additive covariance in the formula 
depends on the family structure used in the analysis. For example, the estimator of the 
additive correlation between the traits W and Z of half sib in Design I is represented as 
(Hallauer and Miranda, 1988): 
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(1/ 4)0" AWZ O" AWZ 
rAwz = [(l 14)2 2 2 ]112 = (0-2 0"2 )112 · O" PW (J" PZ PW PZ 
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Responses to Selection for Partial Resistance to Crown Rust in Oat 
A paper to be submitted to Crop Science 
J. Long, J.B. Holland, G.P. Munkvold, and Jean-Luc Jannink 
Abstract 
Crown rust, caused by the fungal pathogen, Puccinia coronata, severely reduces kernel 
quality and grain yield in oat. Partial resistance is considered to be a durable form of rust 
resistance. The objectives of this study were to evaluate the feasibility of simultaneously 
improving partial resistance to crown rust, grain yield and seed weight in an oat population, 
and to estimate predicted and realized heritabilities for area under disease progress curve 
(AUDPC) and genetic correlations between AUDPC and agronomic traits in both crown 
rust-inoculated and fungicide-treated plots. A single cycle of selection for partial resistance to 
crown rust was performed. The initial (Co) and selected (C1) generations of an oat population 
were evaluated in a field experiment in 2001 and 2002 at two Iowa locations. Selection on an 
index increased the levels of crown rust resistance and grain yield and seed weight in crown 
rust-inoculated plots, and seed weight in fungicide-treated plots. However, the change for the 
grain yield in fungicide-treated plots was not significant. In both Co and C1 populations, 
AUDPC was highly heritable (H = 0.77 and 0.78 respectively), and was favorably correlated 
with grain yield, seed weight and test weight measured in inoculated plots. Realized 
heritabilities for all traits but grain yield under fungicide-treatment were consistent with 
predicted heritabilities. Our results suggested that index selection could increase levels of 
crown rust resistance, grain yield, and seed weight simultaneously. 
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Introduction 
Crown rust is one of the most widespread and destructive diseases of cultivated oat. In 
susceptible oat cultivars, this disease can cause grain yield losses of up to 30% (Endo and 
Boewe, 1958; Frey et al, 1973). The disease can be controlled with fungicides or by plant 
disease resistance. Historically, plant resistance has been based on the inheritance of single 
major genes. However, new pathotypes with virulence to these genes have developed rapidly 
after the introduction of cultivars possessing them, rendering the resistance ineffective. 
Partial resistance is potentially a durable strategy, capable of providing economically useful 
disease control for long periods of time. Partial resistance is thought to have a polygenic 
nature (Parlevliet, 1978). It is hypothesized to put less selection pressure on the pathogen 
population and therefore slows down the evolution of virulence (Simons, 1972). 
Selection for partial resistance may provide an effective solution for durable crown rust 
resistance in oat. However, the value of a cultivar will generally not depend on the single trait 
of disease resistance. Agronomic and grain quality traits also strongly affect the value of a 
cultivar. Selection on one trait often affects other traits because of genetic correlation 
between traits. Genetic correlations between traits may be due to gene pleiotropy or linkage 
disequilibrium between loci (Falconer and Mackay, 1996). Therefore, selection on one trait is 
insufficient to generate genotypes as useful as commercial varieties. For example, selection 
for greater p-glucan content in oat caused unfavorable correlated responses for agronomic 
performance in one population because p-glucan content was negatively genetically 
correlated with grain yield, biomass, and test weight (Cervantes-Martinez, 2002). Holland 
and Munk.void (2001) found that partial resistance to crown rust was favorably genetically 
correlated with grain yield and seed weight measured in disease-inoculated plots, but not 
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significantly genetically correlated with gram yield and seed weight measured in 
fungicide-treated plots. These results suggested that selection combining partial resistance to 
crown rust with grain yield and seed weight would be possible for oat. 
Index selection is the method of choice to simultaneously select on multiple traits. It 
allows appropriate consideration of economic value and genetic and phenotypic parameters. 
Sharma and Duveiller (2003) applied index selection to improve helminthosporium leaf 
blight (HLB) resistance, maturity and kernel weight in spring wheat. Area under disease 
progress curve (AUDPC) was used as the measurement of disease severity. Their results from 
replicated field tests showed the reduction of AUDPC was associated with increased grain 
yield and kernel weight, however without significant change for maturity. 
The objectives of this research were to: (i) test the feasibility of improving partial 
resistance to crown rust, grain yield and seed weight in oat population simultaneously using 
index selection; (ii) estimate broad-sense heritabilities, realized heritabilities and genetic and 
phenotypic correlations of AUDPC, grain yield, seed weight and test weight in crown 
rust-infected plots, and grain yield, seed weight and test weight in disease-free plots. The 
results of this experiment will guide further experiments to develop durably resistant oat lines 
with good agronomic performance. 
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Material and Methods 
Population Development 
The population used in this study was developed by Holland and Munkvold (2001) 
where it is described in detail. Briefly, nine cultivars and lines were selected based on field 
evaluations to serve as donors of putative partial resistance genes ("rust resistance donor 
parents", Table 1). Another ten cultivars and lines with excellent grain yield and agronomic 
performance were selected to serve as donors of favorable alleles for grain yield and quality 
traits ("yield donor parents", Table 1 ). Effective selection for polygenic partial rust resistance 
requires that the population lack major-gene complete resistance to the inoculum used for 
artificial infection (Parlevliet, 1985; Cox, 1995). The cultivars and lines used fulfilled this 
requirement. 
Unrelated Fl 's from a Design II mating between the yield and crown rust donor parents 
were intermated to produce 83 full-sib families. A total of 162 So seed were developed from 
these 4-way crosses, from which S1:3 families were obtained. 36 F3:5 families from biparental 
crosses were added to make the approximately equal allelic contribution from each original 
parent to the population. S1:3 and F3:5 families together constituted 198 lines which comprise 
the Co base population. 
Trait Evaluation 
The four traits measured were crown rust disease severity, grain yield, 100-seed weight 
and test weight. The assessment for crown rust severity was conducted by visually scoring 
the percent of leaf area infected (Peterson et al., 1948) on the flag leaf and second leaf of four 
tillers in every plot in the inoculated treatment. The measurements were made on three dates, 
separated by about a week, from the beginning to the later period of the epidemic. On each 
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Table 1. Area under disease progress curve (AUDPC), and agronomic traits of yield donor 
and resistance donor parents and checks measured under crown rust inoculation and 
fungicides treatment, estimated from two locations in 2001 and 2002. 
Traits measured in crown Traits measured in 
rust-inoculated plots fungicide-treated plots 
Grain 100-seed Test Grain 100-seed Test 
Line AUD PC yield weight weight yield weight weight 
Yield donor parents g/m2 g Kg/m 3 g/m2 g Kg/m 3 
Armor 295 415 2.41 369 566 2.76 406 
Brawn 91 435 3.39 371 602 3.59 386 
Don 72 533 2.97 384 644 3.04 391 
Hazel 132 481 2.78 406 569 2.99 423 
IAR30-20 138 553 2.90 404 553 3.05 413 
Ogle 186 490 2.84 380 604 3.04 395 
Prairie 107 566 2.87 382 616 2.97 389 
Premier 231 469 2.61 423 609 2.74 443 
Sheldon 281 466 2.62 380 574 2.95 439 
Starter 235 431 2.53 360 557 2.77 393 
Group mean 177 484 2.79 386 589 2.99 408 
Rust resistance donor parents 
Calibre 140 311 2.45 326 505 2.95 373 
H632-518 131 388 2.81 404 438 2.94 419 
Milton 188 444 2.61 380 555 2.79 417 
Moore 142 503 2.86 421 536 3.02 430 
MN841810 113 440 2.82 386 498 2.99 413 
MN841823 167 440 2.65 350 476 2.73 358 
Pan4/Pan5 F3-6 230 383 2.55 386 472 2.81 402 
Pan5/Asc F2 3-14 176 401 2.75 386 462 2.84 393 
Portage 122 458 2.71 415 543 2.81 423 
Group mean 151 432 2.72 389 513 2.90 406 
Resistance vs. Yield 
Parents * * NS NS * * NS 
* and NS indicate P = 0.05 and no significant difference between mean of rust resistance and 
yield donor parents, respectively. 
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rating date, the average percent of leaf area infected from both flag and second leaves, was 
computed for each plot. AUDPC was then computed for each plot according to the following 
formula (Bjarko and Line, 1988). 
AUDPC = 112£ (J';+i + Y,.), 
i=l (I';+l +I';) 
where: 
r; = rust severity at the ith observation; 
I';= time (day) at the ith observation; 
N =total number of observation (N = 3 in our case). 
After harvest, grain yield was measured on a plot basis. 100-seed weight was measured 
on each plot by averaging the weights of two samples of 100 randomly selected seeds. Test 
weight was measured in a container with a volume of 46 ml (Klein et al., 1993). 
Selection Experiment 
In 1998, 198 lines of the Co population were evaluated at three locations: the Agronomy 
and Agricultural Research Farm, Boone Co., IA; the Hinds Research Farm, north of Ames, 
Story Co., IA; and the Iowa State University Northern Research Farm, near Kanawha, 
Hancock Co., IA. Soil types were Nicollet loam (fine-loamy, mixed, rnesic Aquic Hapludoll) 
in Boone Co., Coland clay (fine-loamy, mixed, rnesic Curnulic Endoaquoll) in Story Co., and 
Canisteo (fine-loamy, mixed, rnesic Typic Endoaquoll) in Hancock Co. In each location, the 
experiment was conducted with two treatments: inoculated treatment (by injecting about 0.2 
rnL urediniospore suspension of isolate 345 of P. coronata into sterns for whole plots at the 3 
to 4 leaf development stage) and sprayed treatment (by spraying the systemic fungicide 
triadirnefon, 1-( 4-chlorophenoxy)-3,3-dimethyl-1- (H-1,2,3-triazol-1-yl)-2-butanone, to whole plots 
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at the 4 to 5 leaf stage, with the concentration of 500 g a.i. in 815 L of H20 ha-1). The 
experiment was replicated three times, each replication of a treatment was designed as an 11 
by 11 square lattice. The experimental unit was a hill plot planted with 30 seeds and spaced 
0.3 min perpendicular directions. Experiments were surrounded by two rows of boarder hills 
of crown rust susceptible cultivar, Markton. 
A Smith-Hazel selection index was calculated such that equal economic weight was 
given to one phenotypic standard deviation in each of five traits: AUDPC, grain yield, and 
100 seed weight under inoculation, and grain yield and 100 seed weight under sprayed 
treatments. Selection was performed on the index value which combined high yield, high 
100-seed weight, and low AUDPC. The fifteen highest index value families were intermated 
in a full diallel to generate 210 F1 seed from which F3:s families were obtained to form the C1 
population. 
Evaluation Experiment 
In 2001 and 2002, an evaluation experiment was conducted to determine the efficacy of 
one cycle of selection for AUDPC and other agronomic traits in the index. The experiment 
contained: (a) 9 crown rust resistance donor parents and Jim, (b) 10 yield donor parents, (c) 
one resistant and one susceptible check, Gem and Markton, respectively, ( d) 79 random lines 
from Co population, ( e) 79 random lines from C1 population. This gave a total of 180 entries. 
The entries were randomized into 18 blocks of ten plots using an alpha (0, 1) design such that 
one or two plots in each block were a parent or check cultivar. Three replications of the 180 
entries were planted in whole plots consisting of either inoculated or sprayed treatments. The 
evaluation experiment was grown at the Boone Co. and Story Co. locations. 
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Statistical Analysis 
Variance components for all traits were evaluated on the random lines from the Co and 
C1 cycles only. To take advantage of all data to estimate replication and block effects, a first 
analysis was performed using Proc Mixed of SAS (SAS Institute Inc., 1999) with all data. 
Whole plot treatments and environments were considered fixed effects, and replications, 
blocks, and lines were considered random effects; interactions between lines and treatments 
or environments were also considered random. Measured phenotypes were then adjusted 
for replication and block effects. Adjusted phenotypes of the random lines were then 
analyzed by cycle, considering whole plot treatments and environments as fixed effects, and 
lines and their interactions with treatment and environment as random effects. Replication 
and block effects were not included in this second analysis. Significance of response to 
selection was tested using contrasts between the Co and C1 population means. 
Genotypic variance components were estimated as the line variance component. The 
phenotypic variance on a plot basis for each trait was estimated as a linear combination of the 
variance components due to the main and interaction variance components for the following 
factors: line, location, year, and experimental error. In this study, the same trait measured 
under different treatments was considered as different traits. Thus, the phenotypic variance 
on a plot basis was estimated for, yield, 100-seed weight, and test weight under either 
inoculated treatment or sprayed treatment and for AUDPC as 
A2 A2 A2 A2 A2 A2 
(J' P(plot) = (J' line + (J' line*location + (J' line* year + (J' line*location•year + (J' error 
and the phenotypic variance on a line mean basis for these traits was estimated as 
A2 A2 A2 A2 
A 2 A 2 (J' line* location (J' line• year (J' line* location* year (J' error 
(J' P(line) = (J' line + + + + ---[ y ly lyr 
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where, /, y, and r are the number of locations (2), years (2), and replications within location, 
year, and treatment combination (3). 
Heritabilities on a plot basis and on a line mean basis were estimated as 
2 
2 (J' G h (plot) = - 2--
(J' P(plot) 
2 
2 (J' G 
and h (line) = 2 , respectively. 
(J' P(line) 
Genetic and phenotypic correlations between traits were estimated using data adjusted 
to remove replication and block effects as described above. Variance components needed to 
compute the correlations were estimated using SAS Proc Mixed (SAS Institute Inc., 1999). 
Because Proc Mixed allows only a single dependent variable, data for two traits at a time 
were read into a single variable, which was analyzed as follows. Effects of environment 
within trait were considered fixed. For both line and line by environment effects, trait was 
specified as a random effect. The subject and type options of the procedure were used to 
define line or line-by-environment as subjects and to specify an unstructured covariance 
matrix between traits. For traits that were measured in the same treatment (e.g., AUDPC 
and inoculated yield), trait was also specified as the repeated effect using the repeated 
statement; plot was then considered the subject and again an unstructured covariance matrix 
was specified. For traits that were measured in different treatments (e.g., inoculated yield 
and sprayed yield), separate error variances were estimated trait using the group option of the 
repeated statement. No error covariance could then be estimated. Together, these statements 
generated the correct overall variance/covariance matrix among all observations and allowed 
for the estimation of nine or eight variance components for pairs of traits measured in the 
same or different treatments: two variances at the line, line-by-environment, and plot levels 
and a covariance at the line and line-by-environment levels, as well as an error covariance for 
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traits measured in the same treatment. Genetic correlations were calculated in the usual way 
from variances and covariances at the line level. Phenotypic correlations were calculated by 
dividing the summed covariances by the square root of the product of the variances, summed 
within each trait. Standard errors for these correlations were obtained using the asymptotic 
variances and covariances of the estimated variance components. Formulae for the standard 
errors were developed using the delta method (Lynch and Walsh, 1998, equation A 1. 7 c ). 
• • • • • A2 CIE -COE Realized hentab1htles were calculated as: hRealized = S _ C , where CoE and C1£ 
OS OS 
were the average phenotype of lines in the evaluation experiment for cycle 0 and cycle 1, 
respectively, Cos was the average phenotype of all lines in the selection experiment, and Sos 
was the average phenotype of selected lines in the selection experiment. Following Walsh 
and Lynch (2005), variances of the realized heritabilities were calculated as 
(hA 2 ) var(C1E -C0E) var(C,E) + var(C0E )-2cov(C1E, C0E) var - - ---"=-------'"""'-----=----
Reauzed - (S _ C )2 - (S _ C )2 · 
OS OS OS OS 
The variances and covariance of the CiE accounting for drift are given by Walsh and 
Lynch (2005): - ()2 var( C0E) = _z_ 
MOE 
- [[ 1 J 2 1 l 2 var(C1E) = --+ 2J; h +-- uz
Mos M,E 
and 
cov( C1 E , C oE ) = h 2 u; , where CY/ is the phenotypic variance among evaluated lines, Mix is 
Mos 
the number of lines observed in cycle i in the selection (S) or evaluation (E) experiment, and 
Ji is the inbreeding coefficient of C1• To calculate a/, best linear unbiased estimators of the 
line effects were obtained by analyzing the data treating lines as fixed effects and all year, 
location, replication and block as random effects using SAS Proc Mixed. The variance of 
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these estimators was then calculated. To calculate Ji, we accounted for the fact that 15 
S1-derived lines were used as parents and that the family size of each parent was fixed at 28. 
Furthermore, each progeny was selfed once before seed was increased for evaluation. 
These considerations allowed us to obtain the expected founder allele frequency and its 
variance in the cycle 1 population. With these parameters we calculated E(J;) = 0.049. 
Results and Discussion 
Response to Selection 
From cycle Co to C1, selection for partial resistance reduced the mean AUDPC from 162 
to 143 (Table 2), a reduction of 12%. Because the duration of the selection cycle was 2 years, 
the reduction of AUDPC was 6% per year. This response is less than that obtained by 
Diaz-Lago et al. (2002). After four cycles of rapid recurrent selection for partial resistance, 
they found an average reduction of 11 % in AUD PC per year. A difference between their 
procedure and the one used here is that they inoculated with a mixed-race rust population 
whereas we used a single rust isolate. In the presence of a mixed-race population, partial 
resistance can be confounded with the presence of major genes conferring complete 
resistance against part of the pathogen population (Parlevliet, 1985). Diaz-Lago et al. (2002) 
tested for the presence of major genes in their oat population and found that about 15% of all 
oat genotype by crown rust race reactions were of the complete resistance type. Thus, major 
genes were segregating in their population, and it is possible that through the use of a 
mixed-race inoculum they selected for increased population frequencies of the major genes 
as well as for increased partial rust resistance. Selection for major genes might have 
increased the rate of response that they observed relative to our observation. 
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Table 2. Area under disease progress curve (AUDPC), grain yield, 100-seed weight, and test 
weight, estimated from two cycles (Co and C1) in two treatments in 2001 and 2002. 
Traits measured in crown Traits measured in 
rust-inoculated plots fungicide-treated plots 
Grain 100-seed Test Grain 100-seed Test 
AUD PC yield weight weight yield weight weight 
g/mz g Kg/m3 g/mz g Kg/m3 
Cycle Co 
Lowest Line 77 315 2.20 309 382 2.37 340 
Highest Line 261 599 3.24 454 642 3.72 455 
Average 162 445 2.75 383 534 2.92 399 
Cycle C1 
Lowest Line 49 278 2.34 306 363 2.52 322 
Highest Line 232 606 3.74 427 657 3.90 442 
Average 143 470 3.00 385 546 3.13 398 
Co vs C1 * * * NS NS * NS 
*P=0.05 
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After one cycle of selection, the average AUDPC for the population was 143, the level of 
partial resistance of the disease resistance donor parental line Moore (Table 1). If this rate of 
progress were maintained, two more cycles would be required to attain the level of resistance 
of parental line MN841810 which showed the highest partial resistance level (AUDPC=l13) 
among all resistance donor parents. Grain yield increased significantly under crown rust 
inoculation (P<0.05) (Table 2). However, there was no significant change for grain yield 
under fungicide treatment. One possible reason might be a weak correlation between the 
selection index and grain yield under fungicide treatment. However, we calculated the 
correlation between the selection index and grain yield under both fungicide and inoculated 
treatments and they were similar. It therefore seems unlikely that a lack of correlation can 
explain the poor response of grain yield under fungicide treatment. Continued selection 
would be required to test if index selection will also increase grain yield under fungicide 
treatment. 
Heritability 
Broad-sense heritabilities were estimated by means of variance components from 
evaluation experiments in 2001 and 2002 (Table 3 and Table 4). The high line-mean 
heritabilities for all traits measured (from 0.67 for grain yield under crown rust inoculation to 
0.94 test weight under disease-free environment) suggest that all traits should respond well to 
selection on the basis of line means among Co and C1 populations (Table 4). Heritabilities on 
a plot basis were lower especially for AUDPC and grain yield in inoculated plots (Table 4), 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Realized heritability is based on the selection effects that are actually transmitted to the 
next generation or cycle. Realized heritabilities for the selection from C0 to C1 population 
were calculated for grain yield, and 100 seed weight under inoculation and fungicide 
treatments and for AUDPC (Table 4), because these five traits contributed to the selection 
index for C0 population. 
Based on variance components estimated during the evaluation experiment, we also 
calculated the broad-sense line-mean heritability predicted for the selection experiment that 
was conducted in three locations but only one year (Table 4). For all traits except grain yield 
under disease-free treatment, realized heritabilities were greater than half of line-mean 
heritabilities during selection, indicating that more than half of genetic variance was additive. 
Note, however, that the realized heritability standard errors are quite high, which results from 
accounting for genetic drift in their calculation. 
Correlation 
AUDPC was genetically and phenotypically negatively correlated with grain yield, 
100-seed weight, and test weight under crown rust inoculation in both cycles (Table 5). This 
result is consistent with Holland and Munkvold's (2001) results, indicating that higher levels 
of crown rust resistance contribute to increased grain yield and grain weight under 
inoculation. Under fungicide treatment, AUDPC was genetically positively correlated with 
test weight and 100-seed test weight, but negatively and positively correlated with grain yield 
in the Co and C1 cycles, respectively. Holland and Munkvold (2001) suggested that there 
might be different sets of genes controlling grain yield under disease-stress and disease-free 
environments. 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































agronomic traits shifted in an unfavorable direction from the perspective of selection (Table 
5). For example, for selection, a strong negative correlation between AUDPC and grain yield 
would be desirable for selection, since we seek to decrease AUDPC but increase yield. The 
genetic correlation between AUDPC and grain yield under inoculation, however, shifted in a 
positive direction, from -0.38 to -0.08. This effect of the selection is undesirable for the 
selection in the next generation. This result is consistent with the prediction that the genetic 
correlations could easily change in the undesirable direction as a result of index selection 
(Itoh, 1991). 
In this study, we used index selection for improving crown rust resistance, grain yield 
and 100-seed weight in oats. The results showed that there was a significant decrease in 
AUDPC and significant increases in grain yield, seed weight under crown rust inoculation, 
and seed weight measured in the disease-free environment, but no significant increase in 
grain yield in the disease-free environment (Table2). High heritabilities and desired trait 
correlations indicate that further selection should be effective (Table 4 and Table 5). 
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This study was conducted to determine whether selection based on an index value could 
improve both partial resistance to crown rust and other agronomic traits (grain yield and seed 
weight), and whether favorable changes could be expected in further cycles of selection 
based upon heritibilities and trait correlations. 
Based on the performance of CO population, index coefficients were calculated and 
assigned to each of five traits: AUDPC, grain yield and seed weight in the disease-stress 
environment, and grain yield and seed weight in the disease-free environment. Thus, an index 
value was give to each line in CO population. Fifteen lines with the highest index values were 
selected as the parents for the next generation (Holland and Munkvold 2001). 
Following one cycle of selection, results showed that the increase levels of partial 
resistance can be obtained via a selection value. The mean population performance for 
AUDPC was decreased by 12%. This amounts to a reduction in AUDPC of 19 units. The 
selection increased mean population performance for grain yield measured in crown 
rust-inoculated plots by 6% which amounts to a 25 g m-2• There were also significant 
increases for the seed weight under both disease-inoculated and disease-free environments. 
However, there was no significant change to the mean population performance of grain yield 
measured in fungicide-treated plots. 
The broad-sense heritabilities are high for all traits measured suggesting that further 
progress from selection should occur. The negative genetic correlations between AUDPC and 
other agronomic traits in the disease-inoculated environment likely contributed to the 
favorable changes in the population mean. However, the magnitude of these negative 
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genotypic correlations became smaller following selection indicating that favorable changes 
will slow down in the next generations. Further cycles of selection are required to assess the 
correlations between selection index and each trait, and the correlation changes by the index 
selection. 
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